Tepsin is currently the only accessory trafficking protein identified in adaptor-related protein 4 (AP4)-coated vesicles originating at the trans-Golgi network (TGN). The molecular basis for interactions between AP4 subunits and motifs in the tepsin C-terminus have been characterized, but the biological role of tepsin remains unknown. We determined X-ray crystal structures of the tepsin epsin N-terminal homology (ENTH) and VHS/ENTH-like domains. Our data reveal unexpected structural features that suggest key functional differences between these and similar domains in other trafficking proteins. The tepsin ENTH domain lacks helix0, helix8 and a lipid binding pocket found in epsin1/2/3. These results explain why tepsin requires AP4 for its membrane recruitment and further suggest ENTH domains cannot be defined solely as lipid binding modules. The VHS domain lacks helix8 and thus contains fewer helices than other VHS domains. Structural data explain biochemical and biophysical evidence that tepsin VHS does not mediate known VHS functions, including recognition of dileucine-based cargo motifs or ubiquitin. Structural comparisons indicate the domains are very similar to each other, and phylogenetic analysis reveals their evolutionary pattern within the domain superfamily. Phylogenetics and comparative genomics further show tepsin within a monophyletic clade that diverged away from epsins early in evolutionary history (~1500 million years ago). Together, these data provide the first detailed molecular view of tepsin and suggest tepsin structure and function diverged away from other epsins. More broadly, these data highlight the challenges inherent in classifying and understanding protein function based only on sequence and structure.
region to axons 13 but shows no significant anatomical abnormalities. In contrast, human patients with mutations in any of the 4 AP4 subunits [14] [15] [16] [17] suffer from the hereditary spastic paraplegias, 14 (reviewed   in   18 ). AP4 thus plays a key role in neurological development and function, but the underlying mechanism for this role remains unclear. Identifying and understanding the protein components and molecular mechanisms required to form AP4 coats remain paramount to uncover the function of AP4 both in the cell and in human brain disease.
Tepsin ( Figure 1A ) was the first accessory protein identified in AP4-coated vesicles 19 ; it is a member of the epsin family of postGolgi trafficking proteins. In mammals, epsins serve as key accessory proteins and cargo adaptors in clathrin-coated vesicle (CCV) formation at the plasma membrane and TGN. Members of the epsin family are defined by the presence of an epsin N-terminal homology (ENTH) domain followed by a mostly unstructured C-terminus. The ENTH domain has been identified and characterized in both mammals 20 and yeast. 21 Structural, biochemical and cell biological data indicate that ENTH domains interact directly with phosphoinositide head groups 22 and with SNARE proteins. [23] [24] [25] The unstructured C-termini of many epsins contain ubiquitin-interacting motifs (UIMs) 26 and short linear 27, 28 or secondary structural motifs 29 for binding AP1/AP2 or clathrin. Epsins thus interact directly with membranes in multiple ways:
they directly bind phosphoinositides and cargo, and indirectly bind other trafficking machinery. In contrast, tepsin lacks motifs for binding ubiquitin, clathrin, AP1 or AP2. Tepsin instead contains 2 short linear motifs in its C-terminus that directly and specifically bind the AP4 ε and β4 appendage domains. 30, 31 Tepsin is the only epsin known to depend upon its AP complex for membrane recruitment 19 and is unique among family members in possessing a second internal folded module, the VHS(Vps27, Hrs, Stam)/ENTH-like domain. 19 We determined high-resolution X-ray crystal structures of the human tepsin ENTH (tENTH) and the horse tepsin VHS/ENTH-like (tVHS) domains. For clarity, we have shortened the name of the VHS/ENTH-like domain to tVHS. Both domain structures reveal important differences from other members of the ENTH/ANTH/VHS superfamily, because they lack key helices at both the N-and C-termini. tENTH lacks both helix0 and helix8. Loss of helix0 precludes formation of a lipid binding pocket and explains why tENTH cannot interact directly with phosphoinositide head groups, which we confirm biochemically. Our structural data suggest the tENTH domain could exist as a dimer or tetramer, but we have not found evidence of oligomer formation in solution. The tVHS structure lacks the Cterminal helix8 that differentiates VHS from ENTH domains within the ENTH/ANTH/VHS superfamily. Important functions of other VHS domains include cargo motif or ubiquitin recognition and binding, but the structure explains our experimental observations that tVHS cannot perform any of these known functions. One striking observation from our data is that the tepsin ENTH and VHS domains are structurally similar. Our phylogenetic analyses indicate that tepsin forms a monophyletic clade within the epsin family but do not support the idea that tepsin ENTH and VHS domains arose from a gene duplication event. Our structural data provide the first detailed molecular view of tepsin, and evolutionary data suggest that ENTH and VHS domains, as well as tepsin itself, have evolved to serve different functions over the course of evolution.
2 | RESULTS
| Structure of the tepsin ENTH domain
Other ENTH domains, including those in epsin1 and epsinR, can be expressed and purified in the absence of the first 10 to 12 residues that constitute helix0. 22, 25 Initial attempts to purify the tepsin ENTH domain with and without its putative helix0 failed. However, a construct containing the full predicted ENTH domain (residues 1-136) was successfully purified, indicating the N-terminus was absolutely required to obtain soluble protein (data not shown). We determined a high resolution structure (beyond 1.4 Å) of human tENTH residues 1 to 136 using molecular replacement methods by placing individual α-helices into the density (further details in Methods). The crystal form contained 2 molecules in the asymmetric unit; both copies show clear and well-ordered density from residues 3 to 133 in chain A and residues 4 to 133 in chain B. There is no significant difference between the 2 copies; they overlay with an r.m.s.d. of 0.524 Å. Following several rounds of refinement, we obtained a model with excellent geometry (0% Ramachandran and rotamer outliers, 98%
Ramachandran favored; Table S1 , Supporting information).
The tENTH domain is all α-helical and contains 7 helices connected by loops of varying length ( Figure 1B ; Table S1 ). The first α-helix, which we have named helix α1 (discussed further below), extends from residues 7 to 24 and contains a "kink" in the middle resulting from the presence of a proline at residue 18. From the structure, we can explain our biochemical result that deleting the first helix results in completely insoluble protein. Helix α1 packs against and makes important contacts with specific residues in helix α3; residues Phe13, Leu17 and Leu20 in helix α1 make hydrophobic interactions with Leu53 and Tyr56 in helix α3, while Arg10 in helix1 forms a salt bridge with Glu55 in helix3 (distance = 2.9 Å) ( Figure 1C ).
ENTH domains normally contain 9 α-helices (discussed further below), but both secondary structural prediction servers (Network Protein Sequence Analysis
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) and our crystal structure indicate tENTH contains only 7 helices. To test this experimentally, we also crystallized and determined the structure of a second construct containing tepsin residues 1 to 153 ( Figure S1 ). The electron density indicated no additional α-helical or other secondary structure located beyond helix α7 ( Figure S1 ). Together these data suggest that additional amino acids beyond residue 136 in the longer construct are disordered and the tepsin ENTH domain is indeed smaller than other published ENTH structures by 2 α-helices.
The tENTH 1 to 136 construct crystallized as a dimer with 2 molecules in the asymmetric unit ( Figure 2A ). In this crystallographic dimer, residues in the loop between helices α1 and α2, together with helices α4 and α7, interact to form the interface between chains A and B; this dimer buries 725 Å 2 of solvent accessible surface area as calculated by PISA. 33 PISA did not identify this dimer as a potential biological interface but instead identified a tetramer with 4-fold circular symmetry (4637 Å 2 buried surface area). The longer tENTH construct (residues 1-153) contains 1 copy in the asymmetric unit, and 4 monomers pack to form a tetramer with 4-fold circular symmetry in the crystal lattice ( Figure 2B ; 4765 Å 2 buried solvent accessible surface area).
The tetramer observed in the tENTH 1 to 153 lattice is the same tetramer predicted by PISA based on the tENTH 1 to 136 structure.
Based on these data, we tested whether tENTH can form a dimer and/or tetramer in solution. We turned to gel filtration using a Superdex75 analytical column (10/300 GL, GE Healthcare) using protein standards for comparison. Multiple runs indicated the tENTH domain ran as a monomer around its predicted molecular weight of 15 kDa ( Figure 2B ), close to the myoglobin standard peak (17 kDa). We therefore find no evidence that tENTH exists as an oligomer in solution but cannot rule out the possibility that multimers may form when tepsin is concentrated on membranes in the cell. A second consequence of the missing helix α0 is that tENTH lacks a basic binding pocket for binding a phosphoinositide ( Figure 3B ). The tENTH surface is mostly hydrophobic in character with no major basic (or acidic) pockets or regions, while in contrast, the epsin1 ENTH possesses a highly basic binding pocket. We also considered the possibility that our domain might be similar to the Nterminal portion of an ANTH domain. A sequence alignment using ClustalW 36 (data not shown) between the tENTH and CALM ANTH (residues 1-260) revealed that none of the Ptd(Ins)4,5P 2 binding residues in CALM (K38, K40, H41) are conserved between the 2 domains.
|
We also tested experimentally whether the tENTH domain could bind a panel of phosphoinositide head groups ( Figure 3B ). We incubated recombinant purified tENTH-H6 protein with PIP strips, using epsin1
ENTH-H6 as a positive control, and blotted against the 6xHis tag. As predicted by our structure, the tepsin ENTH does not bind any phosphoinositide head groups ( Figure 3B ). Finally, the CALM ANTH domain contains a short helix α0 that does not bind a phospholipid head group directly but has been shown to insert into membranes. 9 Structural overlays (data not shown) again indicate tENTH is different: tENTH contains an elongated helix α1, as opposed to the short helix α0 plus α1 in CALM. Although one face of tENTH helix α1 is hydrophobic, nearly all these residues participate in packing interactions with helix α3 (cf. Figure 1 ) to stabilize the structure of the domain.
Recently, ENTH domains in yeast Ent1 and zebrafish epsin1 have been reported to bind very weakly to ubiquitin (~2 mM K D ). 37 We thus tested whether recombinant tENTH could interact with 15 N-labeled mono-ubiquitin in an NMR chemical shift perturbation experiment, because NMR is the most sensitive method for detecting weak interactions. We detect no interaction between tENTH and ubiquitin ( Figure S2B ).
| Structure of the tepsin VHS-like domain
Multiple attempts to crystallize human tepsin VHS-like (tVHS) domain failed. We instead used sequence alignments ( Figure S3A ) to identify and undertake trials with 5 other species that contained 75-90% sequence identity to the human domain: cow (Bos taurus), mouse (Mus musculus), horse (Equus caballus), rat (Rattus norvegicus) and marmoset (Callithrix jacchus). We synthesized 5 constructs (GenScript), then expressed and purified these proteins in Escherichia coli. We obtained crystals from the horse domain (residues 306-437), which diffracted beyond 1.85 Å. However, we could not obtain a solution to the phase problem using molecular replacement in Phaser 38 with a variety of VHS structures as input models. Instead, we expressed and purified a horse VHS-like derivative that contained 2 selenomethione residues at positions 319 and 379; these crystals diffracted beyond 2 Å. We used AutoSol in PHENIX 39 for automated experimental SAD phasing and automated model building (full details in Methods). We obtained excellent initial maps and a preliminary model containing 100 residues. We then used this model to obtain a molecular replacement solution for our native crystals, which diffracted to slightly higher resolution. The horse domain is 80% identical to its human counterpart and thus provides an excellent mammalian model.
The tVHS domain ( Figure 4A ; Figure S3 ) is an all α-helical protein containing 6 helices, which we have numbered α1-α5/6 and α7 (discussed in next section). The most notable feature in both the native and SeMet structures is that we do not observe density for the first 12 residues. Secondary structure prediction programs indicated tVHS contains 7 α-helices, and all our constructs were designed to include this predicted helix but it is completely disordered in our structures.
Instead, bioinformatics analysis using PSIPRED 40 suggests the first helix may constitute a "disordered helix." VHS domains normally contain 8 α-helices, so like its ENTH counterpart, the tepsin VHS domain contains fewer α-helices than expected. However, the first α-helix observed in the density clearly corresponds to helix α1 found in other VHS domains (discussed below) based on structural comparisons. We used circular dichroism spectroscopy thermal denaturation experiments (data not shown) to ascertain whether or not the α-helix is folded in solution. We conducted experiments using our crystallization construct (tVHS residues 306-437) and a shorter version (residues 321-437) that lacked the predicted helix. We could find no evidence to support an additional folded helix; if the helix ever folds, it may do so when the domain encounters a binding partner in the cell. domains then have a short helix α5 followed by a flexible loop and helix α6. tVHS instead has 1 long, "kinked" helix that we have named α5/6, because the first half overlays with helix α5 and the second half with helix α6 in other VHS domains ( Figure 5B ). tVHS helix α5/6 contains a proline at position 406, which causes the kinked structure.
| Structural and functional comparison of VHS domains
tVHS then overlays well once again at helix α7, and it lacks helix α8 altogether, based on both secondary structural predictions (data not shown) and our structural data.
| GGA adaptor proteins
GGAs are monomeric adaptor proteins that localize to the TGN. The VHS domain of GGAs binds short acidic dileucine motifs (DxxL[L/I]) 41 found in the cytosolic portion of transmembrane protein cargo; One example is recognition of the cation-independent mannose-6-phosphate receptor (CI-MPR) by GGA1 and GGA3. One might predict that cargo recognition and binding is a possible function of the tepsin VHS domain within the AP4 coat. However, our structure explains why tVHS cannot recognize dileucine-based cargoes. In the GGA3 VHS (PDB ID: 1JPL), helices α6 and α8 are required for motif binding:
both helices provide side chains that engage the dileucine motif (buried surface area of 542 Å 2 ), especially the conserved Leu residues, in shallow hydrophobic pockets. Because tVHS lacks helix α8
( Figure 5B ; 6A), it cannot provide enough surface area to engage a dileucine motif. Indeed, we confirmed this experimentally using a model dileucine cargo peptide in isothermal titration calorimetry experiments with recombinant purified tVHS domain ( Figure 6A ).
| Hrs/STAM
Hrs and STAM constitute two subunits of the ESCRT-0 complex, which targets ubiquitinated proteins to the proteasome for degradation. Hrs and STAM VHS domains bind mono-ubiquitin (Ub) in vitro, 42 and published surface plasmon resonance experiments 42 have suggested all VHS domains may bind mono-ubiquitin with a range of affinities (from low millimolar to high micromolar). We thus considered the possibility that tepsin interacts with Ub. We tested experimentally whether recombinant tVHS could interact with 
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Our structure again explains why tVHS cannot engage Ub: an arginine at tVHS residue 344 would directly clash with Ub ( Figure 6B ).
| Structural comparison of tepsin ENTH & VHS-like domains
Once we determined both structures, a surprising feature emerged.
Based on r.m.s.d. values, the tepsin ENTH and VHS-like domains appear more similar to each other than to most other domains in either family ( Figure S4 ). In other words, at the structural level, tVHS "looks" more like certain ENTH domains than VHS domains. That tVHS appears similar to ENTHs might be explained by the lack of helix α0 in many published ENTH structures. For example, deposited epsinR structures either lack helix α0 altogether (PDB: 2QY7) or fail to resolve helix α0 in the absence of its phosphoinositide (PDB: 1XGW). We also fail to resolve the first predicted helix in our tVHS construct, and tepsin is unusual in having an internal folded domain at all. Together, these data raise the question of whether the tVHS domain is actually an ENTH domain that arose from a gene duplication event.
To address this question, we also tested and verified biochemically that recombinant tVHS does not bind a panel of phosphoinositides (data not shown). Furthermore, our tVHS structure reveals a very acidic patch ( Figure 4B ) that would strongly repel most anionic phospholipid head groups found in membranes.
In yeast, ENTH and ANTH proteins have been shown to interact with each other in the presence of a phosphoinositide ligand. 43 We considered the possibility that tENTH and tVHS domains could function using a similar principle, although unlike the yeast proteins, we find neither tENTH nor tVHS domains bind phosphoinositides on their own. We tested for direct binding using pulldown experiments (GST-tENTH with tVHS-H6 and GST-VHS with tENTH-H6). We observed no interactions between these domains at either the Coomassie or Western levels (data not shown).
| Phylogenetics and comparative genomics
Our structural, biochemical and biophysical data raised several questions about tepsin evolution. We thus decided to use phylogenetics
and comparative genomics first to analyze how tepsin ENTH and VHS domains evolved, and second, to understand the evolution of tepsin within the epsin family. Our structural data strengthened the possibility that the tENTH and tVHS domains arose from a gene duplication event. In addition, the smaller size of both domains might imply they constitute a "minimal core" structure of the ENTH/ANTH/ VHS superfamily ( Figure 7A ), in which helix α0 and/or helix α8 are absent. We conducted phylogenetic analyses on ENTH and VHS domains from a variety of species representing 5 eukaryotic supergroups ( Figure 7B ). We used ANTH domains as an outgroup 44 : ANTH domains are about twice the size of ENTH or VHS domains but they contain the same core of 6 to 8 α-helices. Our analysis reveals that ENTH, tENTH, VHS and tVHS domains each form monophyletic clades as expected, with the VHS and tVHS domains more closely related to one another than to other domains. The tVHS domains in 2 species (Aplysia californica and Crassostrea gigas) appear to be particularly divergent and do not occur in a consistent location on the phylogeny ( Figure S6 ). The phylogenetic analysis further reveals that VHS domains are generally acquiring mutations at a higher rate than ENTH domains, with non-tepsin VHS domains showing the highest within-group genetic distance (Table S9) .
We also conducted a phylogenetic analysis across the epsin family to learn how tepsin fits into the tree. Previously published trees 44, 45 did not include tepsin, likely because it had not yet been discovered or annotated in most genomes. We obtained sequences representing species across the 5 eukaryotic supergroups, again using CALM/PI-CALM (an ANTH-containing protein) as an outgroup. 44 Our tree ( Figure 8 , Figure S7 ) reveals tepsin forms its own monophyletic clade within the family.
| DISCUSSION
Our phylogenetic data do not support the idea of a straightforward gene duplication event giving rise to the unique second folded domain in tepsin; they instead suggest a more complicated duplication event. It is not possible to interpret whether our domain tree supports the idea of tepsin domains constituting a "minimal core" structure. One might argue that a common ancestor contained only 7 helices: tepsin domains maintained this structure, while other ENTHs or VHS domains picked up additional helices (helix α0 and/or helix α8) as they evolved to undertake different functions. Alternatively, the ancestral domain may have contained 9 helices in which a single loss of helix α0 occurred in tENTHs and a loss of helix α8 in both tepsin domains. Both scenarios are equally parsimonious on the current tree. But many other permutations are possible, and it is also possible we have not fully sampled the landscape.
In contrast, our phylogenetic data reveal a much clearer picture of tepsin in the context of the epsin family. This tree indicates tepsin diverged away from other epsins early in the evolutionary history of eukaryotes (~1500 million years ago), and we predict that tepsin diverged away to support different biological functions. The monophyletic tepsin clade includes sequences from plants, animals and algae; it is thus parsimonius to suggest a secondary loss of tepsin in yeast and insects as opposed to multiple evolutionary origins of tepsin-like proteins. Our phylogenetic analysis is consistent with our
FIGURE 5 Structural comparison of VHS domains. (A) Overlay of VHS domain structures from tepsin, GGA3 (PDB: 1JPL), STAM1 (PDB: 3LDZ) and TOM1 (PDB: 1ELK). (B) Overlay of tepsin and GG3
VHS domains to highlight key structural differences; view is rotated 90 degrees relative to (A). tVHS aligns well with other VHS domains at helices 1 to 4. tVHS contains a bent α-helix (α5/6), while other VHS domains contain 2 separate helices (α5, α6). Helix8 is absent in tVHS.
biochemical and biophysical data demonstrating how both tepsin domains fail to undertake known functions of other ENTH or VHS domains. Other ENTH and VHS domains are implicated in phosphoinositide recognition 22, 46 ; ubiquitin binding 37, 42 ; or dileucine-based cargo motif binding. 41 We predict both tepsin domains will likely engage a protein partner. One possible binding partner for the ENTH domain is a SNARE protein; epsinR specifically recognizes the SNARE Vti1b. 23, 24 There is currently no evidence that tepsin ENTH engages a SNARE protein. 19, 47 However, we note that extension of tENTH helix α1 compared to other ENTH domains could provide additional surface area for engaging a SNARE or other protein binding partner.
The VHS domain has been proposed to interact directly with AP4, based on co-immunoprecipitation (IP) experiments using a variety of deletion constructs in HeLa cells. 31 We could find no evidence for an interaction in HeLa cell lysates using a C-terminally GFPtagged construct containing the ENTH and VHS domains (residues 1-356; Figure S5) 
| MATERIALS AND METHODS

| Reagents
Unless otherwise noted, all chemicals were purchased from Sigma.
The following antibodies were used in this study: rabbit anti-AP4 β, 
| Molecular biology and cloning
All GST-fusion proteins of the tepsin ENTH domain were sub-cloned from full-length tepsin 19 into the BamHI/SalI sites of pGEX-6P-1.
Because there are no tryptophan residues in the ENTH domain, a sin- Tepsin ENTH was purified in 20 mM Tris (pH 8.5), 250 mM NaCl, 2 mM βME. Human tepsin VHS-like was purified in 20 mM Tris (pH 8.7), 200 mM NaCl, 2 mM βME. Native horse tVHS was purified in 20 mM HEPES, pH 7.5, 200 mM NaCl, 2 mM DTT buffer. SeMet horse tVHS was purified in 20 mM HEPES, pH 7.5, 200 mM NaCl, 10 mM DTT buffer. AEBSF protease inhibitor (Calbiochem) was used at all early stages of purification. Cells were lysed by a disruptor (Constant Systems Limited), and proteins were affinity purified using glutathione sepharose (GE Healthcare) in relevant purification buffers.
GST-fusion proteins were cleaved overnight at 4 C using in-house recombinant GST-3C protease and eluted in batch. All proteins were further purified by gel filtration on a Superdex S200 preparative or analytical column (GE Healthcare). Rounds of refinement and rebuilding were undertaken in phenix.
refine and Coot, respectively. All structure figures were generated using CCP4MG. 52 Coordinates have been deposited in the PDB under PDB IDs 5WFB and 5WF9.
| tVHS-like domain
Native tVHS-like domain was concentrated to 5 to 7 mg/ml and spin-filtered (Millipore). SeMet tVHS-like domain was concentrated Both native and SeMet data were integrated using HKL2000, then processed further using either the CCP4 or Phenix suites. We used Despite extensive manual inspection of the density maps, 12 Nterminal residues (306-317 in the horse sequence) could not be placed in the electron density. Although secondary structural prediction programs suggested these residues formed a helix, we observe no visible density that would allow us to confidently place these N-terminal residues. We suspect this disordered region contributes to our R-factors being higher than expected at this resolution. Coordinates have been deposited in the PDB under PDB IDs 5WF1 and 5WF2.
| Structural comparisons
Superpose (CCP4) was used to compare structures of ENTH and VHS domains deposited in the PDB. The SSM algorithm was used to align the structures; and to determine the RMSD, Q-score and number of residues aligned between structures. 
| Phylogenetic analyses
To construct phylogenetic trees, we first assembled nucleotide sequences that encode tepsin and epsin proteins. Sequences were identified as tepsin or epsin based on (1) references in the published literature 19, 44, 45 ; (2) annotations and sequence names in UNIPROT or NCBI (tepsin annotations also include ENTHD2, and epsin annotations also include clint1, epn and ent); and (3) sequence homology to known proteins, assessed via tBlastn). We also included CALM/PI-CALM (an ANTH-containing protein) sequences from 3 species as an outgroup clade. 44 In total, we compiled 50 sequences for this analysis. Sequences were aligned using the E-INS-i algorithm in MAFFT, 53 which is optimized for sequences with sections of homology that are potentially separated by stretches of non-homology. We made 100 bootstrap replicates of the aligned sequences using seqboot in the Phylip package, 54 built a maximum-likelihood tree for each replicate using dnaml, and obtained a consensus sequence using consense.
To further refine this tree and to estimate branch lengths, we used the consensus phylogeny as a starting tree for 100 iterations of the PASTA (Practical Alignments using SATé and TrAnsitivity) algorithm. 55 On each iteration, this algorithm splits the tree into subsets, aligns the subsets with the MAFFT algorithm, merges the subsets with the MUSCLE algorithm, 56 and re-analyzes the tree with the RaxML algorithm (GTR-GAMMA model), 57 ultimately returning the tree that optimizes the maximum-likelihood score. In addition, we compiled nucleotide sequences from specific domains: ENTH and VHS domains from epsin sequences, tENTH and tVHS domains from tepsin sequences, and ANTH domains from CALM/PI-CALM sequences. We constructed a phylogeny for 121 domain-specific sequences using the same methods described above.
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